Damage resulting from exposure to both endogenous and exogenous genotoxic agents can alter DNA and interfere with DNA replication and protein transcription, which ultimately predisposes cancer, and developmental defects [1]. DNA damage may also occur at telomeres, a process which can compromise their integrity. As telomeres are important factors in genome stability and replication competency, damaged telomeres can lead to outcomes such as genomic instability and premature senescence [2] [3] [4] [5] [6] 
Introduction
Damage resulting from exposure to both endogenous and exogenous genotoxic agents can alter DNA and interfere with DNA replication and protein transcription, which ultimately predisposes cancer, and developmental defects [1] . DNA damage may also occur at telomeres, a process which can compromise their integrity. As telomeres are important factors in genome stability and replication competency, damaged telomeres can lead to outcomes such as genomic instability and premature senescence [2] [3] [4] [5] [6] . Mammals have evolved to be equipped with DNA repair mechanisms that specifically operate for individual base damages as well as genome repair through recognizing specific DNA helix distortions, one of which is the most versatile nucleotide excision repair (NER) pathway [7] .
Reactive oxygen species (ROS) are known to cause oxidative damage to cellular components, as well as a multitude of DNA lesions [8] . Hydrogen peroxide (H2O2) is an endogenously produced ROS, generated during oxidative energy metabolism and exposure to exogenous factors such as lead compounds. Similar to UV-induced DNA damage, oxidative DNA damage gives rise to helix distortions that hinder base pairing, transcription and replication. Accumulation of unrepaired oxidative lesions predisposes cancer [1] and shortens telomeres [9] , leading to premature senescence and possibly ageing.
Xeroderma pigmentosum (XP) is a rare autosomal recessive congenital DNA repair disorder stemming from defects in the NER. This syndrome manifests as segmental progeria, sunlight hypersensitivity, a 1000-fold increase in risk of cutaneous cancers and a host of other developmental and neurological abnormalities. Defects in the NER can also cause Cockayne's syndrome and trichothiodystrophy [1, 10, 11] .
The NER pathway engages a multiplex of proteins in a spatially and temporally specific manner to excise primarily bulky lesions including UV-induced pyrimidine dimers [11] . Though oxidative lesions are mainly resolved by the base excision repair (BER) pathway, the NER pathway has also been implicated in the repair of some of these lesions [1, 12, 13] . This process is however still poorly characterized.
XPB is a 3Ј➔5Ј helicase in the NER pathway and a subunit of the RNA polymerase II holoenzyme TFIIH. XPB plays a key role in the NER by unwinding the DNA helix surrounding the lesion and thus allowing access by subsequent factors. Studies have also shown roles for XPB in the incision [14] and excision [15] of lesions and in the recruitment of other NER factors to lesion sites [16] . As a subunit of TFIIH, XPB also plays a role in basal transcription [17] . As such, XPB mutation can give rise to all three NER dysfunction syndromes [18] . XPB is a member of the helicase domain containing family of proteins. Other members of this family including WRN and BLM have been shown to have a role in telomere maintenance [19] [20] [21] [22] . Additionally, it has been reported that the NER endonuclease XPF is involved in telomere dynamics in mice overexpressing telomere restriction fragment (TRF)2 [23] .
The hitherto poorly defined role of the NER and its helicase XPB in oxidative DNA lesion repair and telomere dynamics in contrast to the known and reported functions of the BER and its helicase WRN in these processes led us to investigate the possible role of the XPB in genome stability and telomere dynamics under oxidative stress.
Materials and methods

Cell culture and H 2 O 2 treatment
Our study utilizes primary fibroblasts from individuals heterozygous for dysfunctional XPB as a result of a splice donor mutation in intron 3 (c.471ϩ1GϾA) 
Cytokinesis blocked micronucleus analysis
Statistical analysis
Statistical significance between and among data sets was assessed using two-way ANOVA, using Graphpad Prism (Graphpad, La Jolla, CA, USA). The difference was considered to be statistically significant when P Ͻ 0.05.
Results
XPB
؊/؊ cells are less sensitive to the cytotoxic effects of oxidative stress (Fig. 1) 
All three cell types exhibited a common trend of dose dependant decrease in cell viability
Fig. 2 Cell cycle analysis by FACS. (A) Cell cycle histograms 24 hrs after exposure to H2O2. Clear profile changes and phase shifts observed in normal and XPB ϩ/Ϫ cells. Changes in XPB Ϫ/Ϫ cells not easily discriminated. (B)-(C). Percentages of cells in each phase of the cell cycle. (B) H2O2 affects a G2/M increase at 20 to 40 M with increases in G1 and sub-G1 populations at subsequent concentrations. (C) Similar increase in G2/M followed by G1 populations in XPB ϩ/Ϫ cells at the same doses as in normal cells. Minimal sub-G1 population observed. (D) XPB Ϫ/Ϫ cells no not display the G2/M increase observed for the latter two cells at 20 to 40 M. G1 and sub-G1 populations increase slightly at subsequent concentrations.
throughout the entire period in normal cells (Fig. 5A, B) . SA-␤-gal expression in XPB Ϫ/Ϫ was detected at day 24 compared to no expression in normal cells (Fig. 5A, B) . XPB ϩ/Ϫ cells also displayed typical fibroblastic morphologies and no SA-␤-gal expression when not exposed to H2O2 or 40% O2 (Fig. 5A, B (Fig. 6C) . [29, 42] . We utilized the micronucleus assay [26, 43] [29, 42] . They have been regarded as a determinant in cellular replication, aging and lifespan [2] [3] [4] [5] [6] . Telomeres have been shown to preferentially accumulate single stranded regions induced by oxidative stress [46] . Various factors, such as the telomere repeating binding factors TRF1 and TRF2 and telomerase, modulate telomere dynamics and integrity [5] . It has been found that various DNA repair factors function in telomere maintenance and repair of damage sustained at telomeres [19, 47] . These include the helicase domain containing family of proteins [20, 22, 48] of which XPB is a member [20] . As [49, 50] and have a partially redundant role in p53-mediated apoptotic signalling [32, 33] [8] . It has been shown that polymorphisms in the XPB gene can rise to diseases of varying severities and phenotypes [24, 25] . Additionally, the inclusion of heterozygous cells in our study hint as well at a possible copy number dependence. Our results suggest a role for XPB in the resolution of oxidative stress induced DNA lesions and in telomere dynamics. A recent report suggests that the helicase activity of XPB in NER repair of UVinduced DNA lesions is dispensable while its ATPase activity is essential [38] . Whether this is also true of repair of oxidative lesions and telomere maintenance, and whether these activities are performed exclusively by XPB or in concert with other factors including the rest of the NER and telomere binding proteins is the subject of further research.
XPB up-regulation occurs as part of normal cellular response to oxidative stress
In normal cells, up-regulation of XPB is evident at 24 hrs after treatment. p53 phosphorylation increased within 2 hrs and p53 up-regulation was observed at 24 hrs; both levels returned to control levels at 48 hrs (Fig. 7A and C). Phosphorylation and up-regulation of p53 phosphorylation and up-regulation was observed at 2 hrs and persisted till 48 hrs in XPB
